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FLOW METER USING AN EXPANDED TUBE SECTION 
AND SENSITIVE DIFFERENTIAL PRESSURE MEASUREMENT 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] Embodiments of the present invention generally relate to downhole 
production operations conducted within a wellbore. More specifically, embodiments 
of the present invention relate to measuring flow rates downhole. 

Description of the Related Art 

[0002] In the drilling of oil and gas wells, a wellbore is formed using a drill bit that 
is urged downwardly at a lower end of a drill string. When the well is drilled to a first 
designated depth, a first string of casing is run into the wellbore. The first string of 
casing is hung from the surface, and then cement is circulated into the annulus 
behind the casing. Typically, the well is drilled to a second designated depth after 
the first string of casing is set in the wellbore. A second string of casing, or liner, is 
run into the wellbore to the second designated depth. This process may be 
repeated with additional liner strings until the well has been drilled to total depth. In 
this manner, wells are typically formed with two or more strings of casing having an 
ever-decreasing diameter. 

[0003] After a well has been drilled, it is desirable to provide a flow path for 
hydrocarbons from the surrounding formation into the newly formed wellbore to 
allow for hydrocarbon production. Therefore, after all of the casing has been set, 
perforations are shot through a wall of the liner string at a depth which equates to 
the anticipated depth of hydrocarbons. Alternatively, a liner having pre-formed slots 
may be run into the hole as casing. Alternatively still, a lower portion of the wellbore 
may remain uncased so that the formation and fluids residing therein remain 
exposed to the wellbore. 

[0004] During the life of a producing hydrocarbon well, real-time, downhole flow 

data regarding the flow rate of the hydrocarbons from the formation is of significant 

value for production optimization. The flow rate information is especially useful in 
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allocating production from individual production zones, as well as identifying which 
portions of the well are contributing to hydrocarbon flow. Flow rate data may also 
prove useful in locating a problem area within the well during production. Real-time 
flow data conducted during production of hydrocarbons within a well allows 
determination of flow characteristics of the hydrocarbons without need for 
intervention. Furthermore, real-time downhole flow data may reduce the need for 
surface well tests and associated equipment, such as a surface test separator, 
thereby reducing production costs. 

[0005] Downhole flow rate data is often gathered by use of a Venturi meter. The 
Venturi meter is used to measure differential pressure of the hydrocarbon fluid 
across a constricted cross-sectional area portion of the Venturi meter, then the 
differential pressure is correlated with a known density of the hydrocarbon fluid to 
determine flow rate of the hydrocarbon mixture. Figure 1 depicts a typical Venturi 
meter 9. The Venturi meter 9 is typically inserted into a production tubing string 8 at 
the point at which the flow rate data is desired to be obtained. Hydrocarbon fluid 
flow F exists through the production tubing string 8, which includes the Venturi meter 
9, as shown in Figure 1. The Venturi meter 9 has an inner diameter A at an end 
(point A), which is commensurate with the inner diameter of the production tubing 
string 8, then the inner diameter decreases at an angle X to an inner diameter B (at 
point B). Diameter B, the most constricted portion of the Venturi meter 9 typically 
termed the "throat", is downstream according to fluid flow F from the end having 
diameter A. The Venturi meter 9 then increases in inner diameter downstream from 
diameter B as the inner diameter increases at angle Y to an inner diameter C 
(typically approximately equal to A) again commensurate with the production tubing 
string 8 inner diameter at an opposite end of the Venturi meter 9. 

[0006] Angle X, which typically ranges from 15-20 degrees, is usually greater 
than angle Y, which typically ranges from 5-7 degrees. In this way, the fluid F is 
accelerated by passage through the converging cone of angle X, then the fluid F is 
retarded in the cone increasing by the smaller angle Y. The pressure of the fluid F is 
measured at diameter A at the upstream end of the Venturi meter 9, and the 
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pressure of the fluid F is also measured at diameter B of the throat of the Venturi 
meter 9, and the difference in pressures is used along with density to determine the 
flow rate of the hydrocarbon fluid F through the Venturi meter 9. 

[0007] In conventional Venturi meters used in down hole applications, diameter A 
is larger than diameter B. Typically, diameter A is much larger than diameter B to 
ensure a large differential pressure between points A and B. This large differential 
pressure is often required because the equipment typically used to measure the 
difference in pressure between the fluid F at diameter A and the fluid F at diameter B 
is not sensitive enough to detect small differential pressures between fluid F flowing 
through diameter A and through diameter B. The extent of convergence of the inner 
diameter of the Venturi meter typically required to create a measurable differential 
pressure significantly reduces the available cross-sectional area through the 
production tubing string 8 at diameter B. Reducing the cross-sectional area of the 
production tubing string 8 to any extent to obtain differential pressure measurements 
is disadvantageous because the available area through which hydrocarbons may be 
produced to the surface is reduced, thus affecting production rates and, 
consequently, reducing profitability of the hydrocarbon well. Furthermore, reducing 
the cross-sectional area of the production tubing string with the currently used 
Venturi meter limits the outer diameter of downhole tools which may be utilized 
during production and/or intervention operations during the life of the well, possibly 
preventing the use of a necessary or desired downhole tool. 

[0008] Venturi flow meters suffer from additional disadvantages to restricted access 
below the device (which may prevent the running of tools below the device) and 
reduced hydrocarbon flow rate. Venturi meters currently used cause significant 
pressure loss due to the restrictive nature of the devices. Further, because these 
devices restrict flow of the mixture within the tubing string, loss of calibration is likely 
due to erosion and/or accumulation of deposits (e.g., of wax, asphaltenes, etc.). 
These disadvantages may be compounded by poor resolution and accuracy of 
pressure sensors used to measure the pressure differences. Overcoming the poor 
resolution and accuracy may require the use of high contraction ratio (e.g., more 
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restrictive) Venturi meters, thus further disadvantageously restricting the available 
cross-sectional area for hydrocarbon fluid flow and lowering downhole tools. 

[0009] Therefore, it is desirable to provide a downhole flow meter within 
production tubing and other tubing strings through which fluid flows downhole within 
a wellbore which does not restrict the cross-sectional area available for production of 
hydrocarbons through the production tubing or fluid flow through other tubing. It is 
desirable to provide a downhole flow meter that measures flow rates within 
production tubing without causing a restriction in production tubing diameter. It is 
further desirable to provide a method of measuring downhole flow rate of 
hydrocarbons without restricting production of hydrocarbons or the types of tools 
which may be used downhole below the flow meter. 

SUMMARY OF THE INVENTION 

[0010] The present invention generally provides apparatus and methods for 
determining a flow rate of fluid within a pipe. In one aspect, the present invention 
includes a method of determining a flow rate of fluid flowing within a pipe, 
comprising providing a pipe, at least a portion of the pipe having a larger inner 
diameter than a nominal inner diameter of the pipe, wherein the pipe diverges from 
the nominal inner diameter of the pipe to the larger inner diameter of the pipe in the 
direction of fluid flow; measuring a differential pressure between at least two 
locations along the pipe, at least one location positioned in the portion having an 
inner diameter greater than the nominal inner diameter of the pipe; and determining 
a flow rate for the fluid based on the measured differential pressure. In another 
aspect, the present invention includes a method for determining the flow rate of fluid 
through downhole tubing, comprising providing an enlarged inner diameter portion of 
the downhole tubing disposed upstream of a remaining portion of the tubing; 
measuring a pressure differential between the enlarged inner diameter portion of the 
tubing and the remaining portion of the tubing; and determining the flow rate of the 
fluid using the pressure differential. 
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[0011] Further, the present invention provides in another aspect an apparatus for 
measuring a flow rate of a fluid flowing in a pipe disposed in a wellbore, comprising 
at least one differential pressure sensor disposed along the pipe across two 
locations for sensing differential pressure along the pipe, wherein at least one of the 
locations is at an enlarged inner diameter portion of the pipe, and wherein the pipe 
diverges from a nominal inner diameter of the pipe to the enlarged inner diameter of 
the pipe in the direction of fluid flow; processing equipment for converting the 
differential pressure to flow rate data; and one or more transmission lines for 
communicating differential pressure information from the at least one differential 
pressure sensor to the processing equipment. 

[0012] In yet another aspect, the present invention includes an apparatus for 
measuring flow rate of fluid within a wellbore, comprising a tubing string having a 
diverging inner diameter portion positioned upstream of a section of the tubing 
string, wherein the tubing string is disposed within the wellbore; and a differential 
pressure sensor disposed on the tubing string and the diverging inner diameter 
portion for measuring a difference between fluid pressure in the tubing string and 
fluid pressure in the diverging inner diameter portion. Finally, in yet another aspect, 
the present invention provides a flow meter for use in measuring fluid flow within a 
downhole wellbore, comprising first and second portions, each having substantially 
the same inner diameter; and a middle portion, an inner diameter of the middle 
portion diverging outward toward the wellbore from the first and second portions, 
wherein a difference in fluid pressure is measurable between the middle portion and 
the first or second portion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] So that the manner in which the above recited features of the present 
invention can be understood in detail, a more particular description of the invention, 
briefly summarized above, may be had by reference to embodiments, some of which 
are illustrated in the appended drawings. It is to be noted, however, that the 
appended drawings illustrate only typical embodiments of this invention and are 
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therefore not to be considered limiting of its scope, for the invention may admit to 
other equally effective embodiments. 

[0014] Figure 1 is a sectional view of a typical downhole Venturi meter inserted 
within a string of production tubing. 

[0015] Figure 2 is a sectional view of an exemplary flow rate measurement 
system including a flow meter according to an embodiment of the present invention. 
A differential pressure sensor measures pressure across the flow meter. 

[0016] Figure 3 is a sectional view of an alternate embodiment of the flow rate 
measurement system of the present invention. Two absolute pressure sensors 
measure pressure at two locations across the flow meter. 

[0017] Figure 4 is a sectional view of an alternate embodiment of the flow rate 
measurement system of the present invention. A fiber optic differential pressure 
sensor measures pressure across a flow meter according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0018] As described below, the present invention involves an "inverse Venturi 
meter" or "inverse Venturi flow meter", meaning that instead of the typical 
constricted, converging inner diameter portion at the throat characteristic of typical 
Venturi meters, the inverse Venturi meter includes a flow meter with an enlarged, 
diverging inner diameter portion at the "throat". By utilizing an ultra-sensitive 
differential pressure measurement device along with an inverse Venturi meter, the 
present invention allows downhole flow rate measurements to be obtained without 
restricting the inner diameter of production tubing. The present invention thus 
advantageously increases the cross-sectional area available for flow of hydrocarbon 
fluid through the production tubing during production operations or for the flow of 
other fluid during completion or intervention operations. Furthermore, the present 
invention increases the available diameter through which downhole tools may be 
lowered within the tubing disposed in a wellbore when using a Venturi meter. 



7 



PATENT 

Attorney Docket No.: WEAT/0416 
Express Mail No.: EV351031699US 

[0019] As used herein, the terms "tubing string" and "pipe" refer to any conduit for 
carrying fluid. Although the description below relates to a production tubing string, a 
tubing string utilized for any purpose, including intervention and completion 
operations, may employ the apparatus of the present invention to determine fluid 
flow rate. Fluid is defined as a liquid or a gas or a mixture of liquid or gas. To 
facilitate understanding, embodiments are described below in reference to 
measuring hydrocarbon fluid parameters, but it is contemplated that any fluid may 
be measured by the below-described apparatus and methods. 

[0020] Figure 2 shows an exemplary downhole flow rate measurement system 55 
for obtaining measurements of flow rates of fluid F produced from a surrounding 
formation 5. (The flow rate measurement system 55 may also be used to measure 
the flow rates of other types of fluids flowing through a pipe for any purpose.) A flow 
meter (also "inverse Venturi meter") 60 is disposed within a production tubing string 
15, preferably threadedly connected at each end to a portion of the production 
tubing string 15, so that the inverse Venturi meter 60 is in fluid communication with 
the production tubing string 15. Fluid F flows from downhole within a production 
zone (not shown) in the formation 5 to a surface 40 of a wellbore 20, as indicated by 
the arrow shown in Figure 2. 

[0021] As shown in Figure 2, the inverse Venturi meter 60 includes a tubular- 
shaped body with four portions 60A, 60B, 60C, and 60D. The lower portion 60D has 
a diameter A which is capable of mating with the portion of the tubing string 15 
below the inverse Venturi meter 60. The lower middle portion 60C of the inverse 
Venturi meter 60, located above the lower portion 60D, gradually increases in 
diameter at a divergence angle X to a diameter B which exists at a throat 61 of the 
inverse Venturi meter 60. The throat 61 represents the maximum diameter B of the 
inverse Venturi meter 60. The diameter of the inverse Venturi meter 60 diverges 
outward from diameter A (the nominal pipe diameter) to the throat 61 . 

[0022] Now referring to the remaining portions 60A and 60B of the inverse 
Venturi meter 60, the upper portion 60A is of a diameter C which is capable of 
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mating with the portion of the tubing string 15 above the inverse Venturi meter 60. 
Located below the upper portion 60A is the upper middle portion 60B. In the upper 
middle portion 60B, the diameter of the inverse Venturi meter 60 increases in 
diameter at a divergence angle Y until reaching the throat 61 at diameter B. In 
addition to representing the maximum diameter B of the Venturi meter 60, the throat 
61 also is the point at which the upper middle portion 60B and the lower middle 
portion 60C meet. 

[0023] The increase in diameter from diameter A and/or C to diameter B is 

minimal in comparison to the diameters A and C, in one embodiment most 

preferably an increase in diameter of approximately 0.25 inches. The goal is to 

maximize the available area within the production tubing 15 and the inverse Venturi 

meter 60 with respect to the inner diameter of the wellbore 20. Accordingly, taking 

into account the available diameter within the wellbore 20, an increase in diameter of 

the tubing string 15 at diameter B which is too large would unnecessarily restrict the 

inner diameter of the remainder of the tubing string 15 with respect to the size of the 

wellbore 20, decreasing hydrocarbon fluid flow and the area through which tools 

may be lowered into the production tubing 15. Exemplary, but not limiting, 

embodiments have a nominal diameter A and/or C of 3.5 inches, 4.5 inches, or 5.5 

inches, with a throat 61 diameter B of 3.7, 4.7, or 5.6 inches, respectively, 

depending upon the diameter of the ends of the production tubing string 15 with 

which the inverse Venturi meter 60 is intended to mate. Most preferably, in an 

embodiment of the present invention, diameter A and/or C is about 3.5 inches, while 

diameter B is about 3.75 inches. Diameter A and diameter C may be the same or 

different diameters, depending upon the diameter of the ends of the production 

tubing string 15 with which the inverse Venturi meter 60 is intended to mate. Angles 

X and Y may be any angles which produce a measurable differential pressure 

between the throat 61 and diameter A. The angles X and Y and the lengths of the 

diverging sections 60B and 60C are determined such that a satisfactory Reynolds 

number is achieved in the flow range of interest. The angles X and Y shown in 

Figure 2 are exaggerated for illustration purposes; ideally, although not limiting the 

range of angles contemplated, the angles are small to provide the maximum tubing 
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string 15 diameter and diameters A and/or C through which tools may be inserted 
and through which fluid F may flow (taking into account the size of the wellbore 20). 

[0024] Disposed on the outer diameter of the inverse Venturi meter 60 and 
coupled to the pipe is a differential pressure sensor 50. The differential pressure 
sensor 50 has pressure ports leading to the throat 61 and to diameter A (or diameter 
C) so that it can detect the difference in pressure between diameter A (or diameter 
C) and the throat 61. The differential pressure sensor 50 may include any suitable 
high resolution or ultra-sensitive differential pressure sensor, including a fiber optic 
or optical differential pressure sensor (see Figure 4). A suitable differential pressure 
sensor 50 is capable of measuring a difference in pressure between fluid F flowing 
through diameter A and fluid flowing through the throat 61 . 

[0025] Operatively connected to the differential pressure sensor 50 is at least one 
signal line or cable 36 or optical waveguides. The signal line 36 runs outside the 
tubing string 15 to the surface 40, where it connects at the opposite end to surface 
control circuitry 30. The control circuitry 30 may include any suitable circuitry 
responsive to signals generated by the differential pressure sensor 50. As 
illustrated, the control circuitry 30 includes signal interface circuitry 32 and logic 
circuitry 34. The signal interface circuitry 32 may include any suitable circuitry to 
receive signals from the differential pressure sensor 50 via one or more signal lines 
36 and properly condition the signals (e.g., convert the signals to a format readable 
by the logic circuitry 34). 

[0026] The logic circuitry 34 may include any suitable circuitry and processing 
equipment necessary to perform operations described herein. For example, the 
logic circuitry 34 may include any combination of dedicated processors, dedicated 
computers, embedded controllers, general purpose computers, programmable logic 
controllers, and the like. Accordingly, the logic circuitry 34 may be configured to 
perform operations described herein by standard programming means (e.g., 
executable software and/or firmware). 
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[0027] The signals generated by the inverse Venturi meter 60 may be any suitable 
combination of signals, such as electrical signals, optical signals, or pneumatic 
signals. Accordingly, the signal lines 36 may be any combination of signal bearing 
lines, such as electrically conductive lines, optical fibers, or pneumatic lines. Of 
course, an exact number and type of signal lines 36 will depend on a specific 
implementation of the inverse Venturi meter 60. 

[0028] In operation, the inverse Venturi meter 60 is inserted into the production 
tubing 15 as shown in Figure 2. The production tubing 15 along with the inverse 
Venturi meter 60 is lowered into the drilled out wellbore 20. The signal line(s) 36 
may be connected to the differential pressure sensor 50 prior to or after inserting the 
inverse Venturi meter 60 into the wellbore 20. After flow F is introduced into the 
tubing string 15 from the formation 5, it flows upward into the inverse Venturi meter 
60. The differential pressure sensor 50 measures the pressure difference from 
diameter A to the throat 61 in real time as the fluid F passes the throat 61 . 

[0029] The pressure difference from the throat 61 to diameter A is relayed to the 
surface 40 through the signal line(s) 36. The control circuitry 30 then converts the 
signal from the signal line(s) to meaningful flow rate data. To obtain the flow rate of 
the fluid F, the density of the fluid must be known. "Density" generally refers to 
volumetric density and is defined as a mass of a fluid contained within a volume 
divided by the volume. Density of the fluid F may be obtained by any known 
method. Suitable methods include, but are not limited to, measuring a density of the 
fluid F after it reaches the surface by known methods as well as measuring a density 
of the fluid downhole by, for example, including an absolute pressure sensor and an 
absolute temperature sensor along the inverse Venturi meter 60 and coupling the 
sensors to the pipe (formulating a density meter) and including suitable surface 
processing equipment as described in co-pending U.S. Patent Application Serial 
Number 10/348,040, entitled "Non-Intrusive Multiphase Flow Meter," filed on 
January 21, 2003, which is herein incorporated by reference in its entirety. 
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[0030] The control circuitry 30 uses the density and the pressure differential to 
determine the flow rate of the fluid F. The equation utilized to determine the flow 
rate of the fluid F of a given density with A and B is the following: 



where Q = flow rate, p - density of the fluid F, DP = minimum measurable pressure 
differential, D B = the largest diameter or the expanded diameter of the inverse 
Venturi meter 60 (diameter B at the throat 61 ), and D A = the smaller diameter of the 
inverse Venturi meter 60 upstream of the throat 61 (diameter A, or the nominal pipe 
size of the Venturi meter tubing). D A may also be the smaller diameter C (or 
nominal pipe size) of the inverse Venturi meter 60 downstream of the throat 61, 
depending upon at which point on the inverse Venturi meter 60 the differential 
pressure sensor is located. When using the most preferable embodiment of the 
inverse Venturi meter 60 mentioned above, which is merely exemplary and not 
limiting, assuming no elevation of the inverse Venturi meter 60 and a fluid density of 
0.85 g/cm 3 , the lowest measurable flow rate would be 0.08 feet/second for a 
differential pressure sensor 50 having a minimum differential pressure, or differential 
pressure resolution, of 0.001 psid. 

[0031] Figure 3 shows a further alternate embodiment of the present invention. 
Like parts are labeled with like numbers to Figure 2. Instead of a single differential 
pressure sensor 50, an upper absolute pressure sensor 70 is located at the throat 
61, while a lower absolute pressure sensor 75 is located at portion 60D of the 
inverse Venturi meter having diameter A. The sensors 75 and 70 are coupled to the 
pipe. The upper and lower absolute pressure sensors 70 and 75 are high resolution 
sensors so that pressure may be detected at each location to a high precision so 
that a differential pressure results when the pressures are subtracted from one 
another at the surface. The upper pressure sensor 70 is connected by a signal line 
or cable 71 or optical waveguides to the control circuitry 30, and the lower pressure 
sensor 75 is likewise connected by a signal line or cable 72 or optical waveguides to 
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the control circuitry 30. Alternatively, the sensors 70 and 75 may be connected to a 
single common signal line or cable (multiplexed). 

[0032] In operation, each of the upper pressure sensor 70 and the lower pressure 
sensor 75 determine a pressure of the fluid F at locations near the throat 61 as well 
as near the portion 60D of diameter A. The upper pressure sensor 70 sends the 
pressure information from its location with a signal through signal line 71. The lower 
pressure sensor 75 sends the pressure information from its location with a signal 
through signal line 72. The control circuitry 30 then subtracts the two pressure 
measurements to determine the differential pressure and uses the density of the 
fluid with the determined differential pressure to calculate flow rate at a location 
using the same equation disclosed above in relation to Figure 2. 

[0033] Regardless of the particular arrangement, the differential pressure sensors 50 
or absolute pressure sensors 70 and 75 may be any combination of suitable sensors 
with sufficient sensitivity to achieve the desired resolution (preferably 0.001 psid). 
As an example, the pressure sensors 50, 70, 75 may be any suitable type of ultra- 
sensitive strain sensors, quartz sensors, piezoelectric sensors, etc. Due to harsh 
operating conditions (e.g., elevated temperatures, pressures, mechanical shock, and 
vibration) that may exist downhole, however, accuracy and resolution of 
conventional electronic sensors may degrade overtime. 

[0034] Fiber optic sensors or optical sensors offer one alternative to conventional 
electronic sensors. Typically, fiber optic sensors have no downhole electronics or 
moving parts and, therefore, may be exposed to harsh downhole operating 
conditions without the typical loss of performance exhibited by electronic sensors. 
Additionally, fiber optic sensors are more sensitive than traditional sensors, which 
allows detection of the relatively small pressure differential produced by the inverse 
Venturi meter 60 of the present invention. Accordingly, for some embodiments, one 
or more of the sensors 50, 70, 75 utilized in the inverse Venturi meter 60 may be 
fiber optic sensors. 



13 



PATENT 

Attorney Docket No.: WEAT/0416 
Express Mail No.: EV351031699US 

[0035] Figure 4 shows an alternate embodiment of the present invention using a 
fiber optic sensor. Like parts in Figure 4 are labeled with like numbers to Figure 2. 
In this embodiment, the differential pressure sensor 50 is a fiber optic sensor, which 
satisfies the requirement of a high resolution differential pressure sensor 50. The 
signal line(s) 36 is a fiber optic cable or line, and the fiber optic or optical cable 36 is 
connected at one end to the fiber optic sensor 50 and at the other end to control 
circuitry 130, which includes optical signal processing equipment 135 and logic 134 
as well as a light source 133. The control circuitry 130 converts the signal relayed 
through the fiber optic line 36 to meaningful flow rate data and delivers signal light 
through the fiber optic line 36. 

[0036J For some embodiments, the fiber optic sensors may utilize strain-sensitive 
Bragg gratings (not shown) formed in a core of one or more optical fibers or other 
wave guide material (not shown) connected to or in the signal line 36. A fiber optic 
sensor is utilized as the differential pressure sensor 50 and therefore becomes a 
fiber optic differential pressure sensor. Bragg grating-based sensors are suitable for 
use in very hostile and remote environments, such as found downhole in the 
wellbore 20. 

[0037] As illustrated, to interface with fiber optic sensors, the control circuitry 130 
includes a broadband light source 133, such as an edge emitting light emitting diode 
(EELED) or an Erbium ASE light source, and appropriate equipment for delivery of 
signal light to the Bragg gratings formed within the core of the optical fibers. 
Additionally, the control circuitry 130 includes appropriate optical signal processing 
equipment 135 for analyzing the return signals (reflected light) from the Bragg 
gratings and converting the return signals into data compatible with data produced 
by the logic circuitry 134. 

[0038] The operation of the flow measurement system of Figure 4 is the same as 
the operation of the flow measurement system of Figure 2, except that the 
differential pressure sensor or fiber optic sensor 50 sends a fiber optic signal 
through the fiber optic cable 36 to the surface for processing with the optical signal 
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processing equipment 135. The optical signal processing equipment 135 analyzes 
the return signals (reflected light) from the Bragg gratings and converts the return 
signals into signals compatible with the logic circuitry 134. 

[0039] In a further alternate embodiment of the present invention, absolute pressure 
sensors 70 and 75 of Figure 3 may be fiber optic or optical sensors, which send a 
signal through the fiber optic cable 36 of Figure 4 to the control circuitry 130 for 
surface processing. In this embodiment, the control circuitry 130 may include a 
broadband light source 133, logic circuitry 134, and appropriate optical signal 
processing equipment 135, as described above in relation to Figure 4. The pressure 
readings from fiber optic sensors 70 and 75 at the two locations are subtracted from 
one another and placed into the equation above stated to gain flow rate data. As in 
Figure 3, the sensors 70 and 75 may alternatively be connected to a single common 
signal line or cable. 

[0040] Whether fiber optic sensors are utilized as the differential pressure sensor 50 
or the absolute pressure sensors 70 and 75, depending on a specific arrangement, 
the fiber optic sensors may be distributed on a common one of the fibers or 
distributed among multiple fibers. The fibers may be connected to other sensors 
(e.g., further downhole), terminated, or connected back to the control circuitry 130. 
Accordingly, while not shown, the inverse Venturi meter 60 and/or production tubing 
string 15 may also include any suitable combination of peripheral elements (e.g., 
fiber optic cable connectors, splitters, etc.) well known in the art for coupling the 
fibers. Further, the fibers may be encased in protective coatings, and may be 
deployed in fiber delivery equipment, as is also well known in the art. 

[0041] In the embodiments employing fiber optic sensors, fiber optic pressure 
sensors described in U.S. Patent Number 6,016,702, entitled "High Sensitivity Fiber 
Optic Pressure Sensor for Use in Harsh Environments" and issued to Maron on 
January 25, 2000, which is herein incorporated by reference in its entirety, as well as 
any pressure sensors described in U.S. Patent Number 5,892,860, entitled "Multi- 
Parameter Fiber Optic Sensor for Use in Harsh Environments" and issued to Maron 
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et al. on April 6, 1999, which is herein incorporated by reference in its entirety, may 
be utilized. The differential pressure sensor may include any of the embodiments 
described in U.S. Patent Application Number 10/393,557, entitled "Optical 
Differential Pressure Transducer Utilizing a Bellows and Flexure System," filed by 
Jones et al. on March 21, 2003, which is herein incorporated by reference in its 
entirety. Any of the fiber optic pressure sensors described in the above-incorporated 
patents or patent applications is suitable for use with the present invention as the 
sensors placed within the differential pressure sensor 50 or as absolute pressure 
sensors 70 and 75. 

[0042] In all of the above embodiments, multiple inverse Venturi meters 60 
having diverging inner diameters at the throat 61 may be employed along the tubing 
string 15 to monitor flow rates at multiple locations within the wellbore 20. The 
inverse Venturi meter 60 of the above embodiments may be symmetric or 
asymmetric in shape across the throat 61, depending upon the divergence angles X 
and Y and the corresponding lengths of portions 60B and 60C. 

[0043] While the foregoing is directed to embodiments of the present invention, 
other and further embodiments of the invention may be devised without departing 
from the basic scope thereof, and the scope thereof is determined by the claims that 
follow. 
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